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A B S T R A C T   

Manganese oxides (MnOx) are used as electrode materials in many different energy storage applications such as 
batteries and supercapacitors. X-ray spectromicroscopy, using near edge X-ray absorption spectra (NEXAFS) for 
chemical speciation, is a powerful tool to study reduction and oxidation processes in such systems. High quality 
reference spectra are required for both qualitative identification and quantitative mapping of MnOx species. Here 
we present accurate, quantitative Mn 2p and O 1s NEXAFS spectra of MnO, MnSO4, Mn3O4, Mn2O3, α-MnO2, 
β-MnO2, and KMnO4, measured using both transmission and total electron yield X-ray absorption techniques. An 
example of the use of these reference spectra in a study of Zn/MnO2 batteries is given.   

1. Introduction 

Recently, manganese oxides (MnOx) have been used widely as 
electrode materials in different energy storage systems such as super- 
capacitors [1], batteries [2] and fuel cells [3]. MnOx have attracted 
this great interest owing to their high theoretical capacitance, rich redox 
reactions and varied crystal structures. In addition, manganese is an 
environmentally friendly and earth-abundant element [4,5]. MnOx 
species are the most common positive electrode material used in 
supercapacitors [6,7] and in non-aqueous primary or secondary 
lithium-ion batteries (LIBs) such as those used in electric vehicles [8,9]. 
Manganese metal is a d-block element with five unpaired 3d electrons in 
the neutral state ([Ar]3d5s2). It has a wide range of stable oxidation 
states: Mn(II), Mn(III), Mn(IV), Mn(VII), as well as a mixed valence Mn 
(II/II) state [5,10,11]. Manganese can establish different bonds with 
oxygen which create a wide range of stoichiometric oxides, hydroxides, 
and oxyhydroxides (collectively referred to as "manganese oxides" 
(MnOx)) [5]. Mn-O bonds are generally ionic but with some covalent 
character. The covalent character increases with increasing oxidation 
state. Lower Mn oxidation states (eg. Mn(II)) are more ionic, while 
higher oxidation states (Mn(VII)) are more covalent [12]. 

In order to optimize the performance of energy conversion devices 
based on MnOx chemistry, characterization techniques with quantita-
tive mapping capabilities (i.e. spectromicroscopies) are needed to pro-
vide information about the spatial distributions of different Mn species 
(oxidation state, and possibly phase) and how the species and their 
spatial distributions might change during electrochemical processes. 

Such studies can provide mechanistic insights into charge storage and 
conversion mechanisms in different energy storage applications [4–9, 
13], that can provide leads to developing enhanced energy materials. 
Scanning transmission X-ray microscopy (STXM) is a powerful 
synchrotron-based, soft X-ray spectromicroscopic technique [14–16] 
that uses near edge X-ray absorption spectra (NEXAFS) [17] to identify 
chemical species and provide quantitative, chemically selective imaging 
at sub-30 nm spatial resolution. 

To fully exploit the capabilities of STXM, it is important to have 
reliable, accurately calibrated, quantitative NEXAFS spectra of each 
species of interest. The Mn 2p [10–13,15,18–28] and O 1s[11,12,22,23, 
29] NEXAFS spectra of the common MnOx species have been published 
multiple times, and there is general agreement on spectral shapes. 
However, there are significant discrepancies in the energy positions of 
the characteristic O 1s and Mn 2p spectral features. For example, all of 
the features in the Mn 2p spectra of the MnOx species reported by Toner 
et al. [19] are 1.0 – 1.8 eV higher than the corresponding results re-
ported by Gilbert et al. [12]. Since these discrepancies are much larger 
than peak shifts typically used in determination of oxidation states, it is 
important to resolve these differences. Thus, we have carried out sys-
tematic measurements of the Mn 2p and O 1s NEXAFS spectra of the 
common manganese oxides using both transmission and total electron 
yield (TEY) detection. In this work, we report accurately calibrated and 
quantitative Mn 2p and O 1s NEXAFS spectra of MnO, MnSO4, Mn3O4, 
Mn2O3, α-MnO2, β-MnO2 and KMnO4. 

Our main focus in this work is to establish definitive energies of 
spectral features in the Mn 2p and O 1s NEXAFS spectra of the common 
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MnOx species. Assignments of the Mn 2p and O 1s spectral features have 
been discussed in detail elsewhere [12,20,23,24,27,28,30]. Thus we 
refer the reader to those references for detailed spectral assignments. 
The underlying interactions giving rise to the spectral features are well 
known. For completeness, a broad overview of their origin has been 
included in supplemental information section, SI.1. 

2. Experimental procedures 

2.1. Materials 

Analytical grade manganese oxides were obtained commercially and 
used without purification: MnO (99.99 %, Alfa Aesar), MnSO4⋅H2O 
(≥99 %, Sigma-Aldrich), Mn2O3 (99.9 %, Sigma-Aldrich), Mn3O4 (syn-
thesized chemically [31]), α-MnO2 (≥99.99 %, Alfa Aesar), β-MnO2 
(≥90 %, Sigma-Aldrich) and KMnO4 (99 %, Sigma-Aldrich). All chem-
icals were used as received, without further purification. 

2.2. Powder X-ray diffraction 

X-ray diffraction (XRD) analysis of each compound was performed 
(Bruker D8, Cu-Kα radiation). The XRD patterns were recorded from 10◦

to 80◦ at a scan rate of 1 degree per min. Figure S.1 in SI.2 presents the 
X-ray diffraction patterns of the MnO, MnSO4, Mn3O4, Mn2O3, α-MnO2 
and KMnO4 samples studied. Comparison of the observed diffraction 
patterns with those in the Joint Committee on Powder Diffraction 
Standards (JCPDS) data base indicates pure phases for all measured 
species: manganosite, MnO (JCPDS PDF 04–008–0277); szmikite, 
MnSO4⋅(H2O) (JCPDS PDF 04–008–9679); bixbyite, Mn2O3 (PDF 
00–041–1442); hausmannite, Mn3O4 (JCPDS PDF 001–1127); pyrolu-
site, α-MnO2 (JCPDS PDF 00–044–0141); and potassium permanganate, 
KMnO4 (JCPDS PDF 04–008–2764). 

2.3. X-ray absorption spectroscopy by STXM 

Mn 2p and O 1 s X-ray absorption spectra were measured in trans-
mission mode using the ambient STXM at the spectromicroscopy (SM) 
beamline, 10ID1 [32] at the Canadian Light Source (CLS, Saskatoon, 
Canada). STXM samples were prepared by (i) grinding the sample to a 
fine powder, (ii) depositing the powder on a silicon nitride (Si3N4) 
window (0.5 mm×0.5 mm in a 5 mm×5 mm silicon frame, Norcada, 
Inc.) attached to a trapezoidal STXM sample plate using double sided 
tape, and (iii) tapping the plate on a hard surface to detach the larger, 
weakly adhering particles. STXM measurements were performed after 
pumping the chamber to ~0.1 mbar, then back filling with He to a 
pressure of ~100 mbar. In STXM the monochromated X-ray beam is 
focused by a Fresnel zone plate (ZP) to a 40 nm spot. At each photon 
energy, a two-dimensional image is recorded by raster scanning the 
sample through the focused X-ray beam, while recording the intensity of 
transmitted X-rays with a phosphor/ photomultiplier tube detector [33]. 
Spectroscopic data was collected by measuring a sequence of images 
(collectively, called a stack [34]) at X-ray energies from ~10 eV below to 
~40 eV above the onset of Mn 2p and O 1 s absorption. Images were 
recorded after measuring each Mn 2p and O 1s stack to investigate the 
possibility of radiation damage. Radiation damage was not detected in 
any of the measured samples, as determined by the similarity of the pre- 
and post-stack imaging. 

2.4. X-ray absorption spectroscopy by total electron yield (TEY) 

Mn 2p and O 1s X-ray spectra were also measured in TEY mode at the 
spherical grating monochromator (SGM) beamline 11ID-1 [35] at the 
CLS. The samples for total electron yield (TEY) spectroscopy were pre-
pared by grinding the material and pressing the resulting powder into 
indium foil which was then mounted on a SGM sample support. The TEY 
measurements were conducted under vacuum at room temperature by 

collecting the total current from the sample as a function of photon 
energy. The spectra were measured in both fast scan and step scan mode 
with the X-ray beam focused to a 25 μm diameter spot size. In the fast 
scan mode, the photon energy is scanned continuously while taking time 
stamped measurements of the energy and current as fast as possible (ms 
sampling). After the fast scan acquisition, the data is interpolated onto 
an evenly spaced energy grid. In both fast scan and step scan modes, TEY 
spectra were measured at 10 different positions of the sample, then 
averaged. The fast scan mode and multiple, different-area measurements 
are used to minimize the X-ray dose. We did not observe any changes in 
the spectra that could indicate radiation damage, even in the higher dose 
step scan mode. 

The incident beam intensity (Io) was recorded as the current from a 
gold mesh which was mounted before the final Kirkpatrick-Baez focus-
sing mirrors. While the Io was typically featureless at the Mn 2p edge, 
the O 1s signal was structured from oxygen in the silicon oxy-nitride 
windows, from O2 bled into the M1 and monochromator tanks to 
remove carbon contamination, and from oxide contamination of optical 
surfaces, as shown in SI.3, Fig. S.2. The O 1s spectral structure in the Io 
signal was stable so that it did not affect the spectral shape. The total 
fluorescence yield (TFY) and partial fluorescence yield (PFY) spectra 
were also measured simultaneously with the TEY. However, we found 
those spectra differed significantly from the STXM and TEY spectra, due 
to absorption saturation. Even using the inverse partial fluorescence 
yield (IPFY) approach [36], which generally reduces spectral distortion 
from absorption saturation, did not give correct results. SI.4, Fig. S.3 
compares the α-MnO2 absorption spectrum measured in TEY, TFY and 
PFY modes. The Mn 2p3/2 characteristic features of α-MnO2 (sharp peak 
at 640.5 eV and broad peak at 642.9 eV) are clearly observed in all three 
spectra but the TEY spectrum is the only one with the correct spectral 
shape, since the TFY and PFY spectra are significantly distorted by ab-
sorption saturation. 

2.5. Comparison of STXM-NEXAFS and TEY-XAS 

NEXAFS spectra recorded without spatial resolution gives similar 
spectroscopy as STXM, often with better statistical precision. TEY is a 
surface sensitive technique with a sampling depth of a few nanometers 
[37], whereas STXM is bulk-sensitive in that the NEXAFS spectrum is 
averaged over the full thickness of the sample, which is typically 10 – 
200 nm thick. For samples thicker than ~100 nm absorption saturation 
can distort the O 1s and Mn 2p NEXAFS spectra when measured in 
transmission. An example of that is presented in SI.5. For TEY-XAS there 
are concerns that the spectrum may not be of the correct species since 
surface oxidation of low Mn oxidation state species can occur during 
sample preparation or storage, particularly for Mn metal [38] and Mn2+

compounds [39]. In contrast to STXM, where measurements are typi-
cally performed on individual particles over an area of several μm2, the 
TEY measurements performed in this work are ensemble-averaged X-ray 
absorption spectra (XAS) measured from areas larger than 0.06 mm2 of 
sample. 

2.6. Data analysis 

The STXM and TEY data were analyzed using aXis2000 software 
[40]. For STXM, the transmitted X-ray flux (I) was converted to optical 
density (OD) using the Beer–Lambert Law: OD = -ln (I/Io), where the 
incident beam (Io) is recorded from a region devoid of the sample but 
with the support (typically silicon nitride, Si3Nx) present. The TEY 
spectra are the ratio of the sample current to the Io from the upstream 
gold mesh. In order to obtain Mn 2p and O 1s reference spectra with an 
absolute OD1 scale (1 nm spectral response of the material at standard 
density [41]), the OD spectra of the measured MnOx samples were 
scaled to match the pre-edge and post-edge signals to the X-ray ab-
sorption elemental response predicted for 1 nm thickness of the com-
pound formula using the elemental X-ray absorption coefficients [42] 
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and the standard densities of each compound: MnO (5.37 g/cm− 3), 
MnSO4 (3.25 g/cm− 3), Mn3O4 (4.85 g/cm− 3), Mn2O3 (4.50 g/cm− 3), 
α-MnO2 (5.08 g/cm− 3), β-MnO2 (5.18 g/cm− 3) and KMnO4 
(2.70 g/cm− 3) [43]. An example of this conversion process is given in 
supplemental information, section SI.6. There are many review articles 
discussing STXM data analysis [14,40,41,44,45]. Readers are referred to 
these articles for further details on how OD1 reference spectra are 
generated and used to fit image sequences. 

2.7. Spectral energy calibration 

The energy scales at the Mn 2p edge of the SM and SGM beamlines 
were calibrated using the F 1s → a1 g transition of SF6 gas at 688.27 eV 
[46] and at the O 1s edge using either the O 1s → Π∗ transition of O2 gas 
at 530.8 eV [46,47] or the O 1s → 3stransition of CO2 gas at 538.9 eV 
[48]. At the SGM beamline, the gas phase spectra were recorded in 
transmission by measuring the photodiode signal in the SGM tank with 
and without SF6 or CO2 gas. This calibration was performed in the same 
run as the TEY measurements since significant (>1 eV) differences in 
peak positions were noted in different runs. The energy scale of the SM 
beam line was similarly calibrated using gas phase spectra of SF6 and 
CO2. Supplemental information, section SI.7 presents examples of the 
energy scale calibration with these gases. 

During measurements of several Cu 2p and Ni 2p compounds at the 
CLS SGM beamline, differences in the 2p3/2 – 2p1/2 spin orbit splitting of 
up to 0.5 eV were noted relative to the corresponding spin-orbit splitting 
measured by STXM at the CLS SM beamline. We attribute the discrep-
ancies to non-linearity of either (or possibly both) of the SM or SGM 
beamline energy scales. For this work, the Mn 2p3/2 – 2p1/2 spin-orbit 
splitting in the same compound measured with the SM and SGM 
beamlines were found to differ by ~0.2 eV. Thus, while flagging this 
observation as an issue at higher energy edges where the spin-orbit 
splitting is larger, we are satisfied that a possible non-linearity over 
the ~15 eV of the Mn 2p3/2 – 2p1/2 spin-orbit splitting is within other 
uncertainties of our measurements. As shown in the next section, the Mn 
2p spectra measured by STXM and TEY are very similar in both spectral 
shape and peak positions. 

Perhaps of greater concern is a possible error in the Mn 2p energies 
due to a systematic non-linearity in the energy scales of the two beam-
lines used in this work. This issue is discussed in detail in section SI.8. 
We conclude from those considerations that any systematic error is at 
most 0.2 eV. 

To evaluate the energy scale stability of the CLS-SM beamline over 
long periods of time, the positions of the characteristic Mn 2p features of 
the MnOx species were tracked over the course of a 5-day run. These 
results are presented in SI.9, Fig. S.9. The deviation over the 5 days was 
less than 0.2 eV. Additionally, Mn 2p and O 1s signals from MnO were 
observed in the Io spectra which arose from contamination of the STXM 
zone plate. These signals were used to further validate the stability of the 
Mn 2p and O 1s energy scales over the course of the 5-day run, again 
indicating the energy scale was stable to within 0.2 eV. 

3. Results 

3.1. Mn 2p spectra of manganese oxides 

Mn 2p spectra of different Mn oxides typically consist of one major 
peak accompanied by several minor, but often sharp, peaks in each of 
the Mn 2p3/2 and 2p1/2 spin-orbit split bands. The overall spectral shape 
and the energies of the sharp peaks can be used to identify and differ-
entiate each of the Mn oxides species. 

Fig. 1 presents the Mn 2p OD1 spectra of MnO, MnSO4, Mn3O4, 
Mn2O3, α-MnO2 and KMnO4 measured by both STXM (thick solid line) 
and TEY-XAS (thin solid line). Note that KMnO4 was only measured by 
TEY-XAS and MnO was only measured by STXM. The energies and 
proposed assignments of the main spectral features are summarized in  

Table 1 along with comparison to literature results. The Mn 2p spectra of 
each species are discussed individually in the following sections. 

3.1.1. MnO and MnSO4 
The high-spin ground state of Mn2+ (MnO and MnSO4, in this case) 

has a total of five unpaired electrons in the t2 g and eg orbitals (t2 g
3 , eg

2) 
[10,49]. The dominant feature of the Mn 2p spectrum of MnSO4 is a very 
intense peak at 639.8 eV which is accompanied by lower intensity peaks 
at 638.7 eV, 641.1 eV and 643.4 eV in the 2p3/2 band, and two broad 
peaks at 650.0 eV and 652.0 eV in the 2p1/2 band. The overall shape of 
the Mn 2p spectrum of MnSO4 is close to those reported in the literature 
[18,26]. However, there is considerable variation in the intensity of the 
finer features. The main spectral features match those reported by Risch 
et al. [26], but with 1.2 eV energy scale deviation (Table 1). 

The Mn 2p spectrum of MnO is very similar to that of MnSO4. It 
exhibits a very intense L3 peak at 639.7 eV and lower intensity peaks at 
638.6 eV, 640.9 eV and 642.9 eV. The 2p1/2 band exhibits two broad 
peaks at 650.4 and 652.1 eV, with minor peaks at 649.5 and 651.5 eV. 
Although there is some variation in the intensity of finer features, the 
overall “triplet-like” shape of the MnO spectrum is in agreement with the 
spectra reported in the literature [10,12,19,26]. It is noteworthy that 
getting high quality Mn 2p spectra of MnO is very challenging when 
using transmission detection. The intensity of the main 2p3/2 peak at 
639.7 eV is dramatically affected by absorption saturation even for 
samples thinner than 30 nm. In order to obtain the spectrum of MnO 
reported in this work, an embedded and microtomed section with an 
average thickness of 80 nm was prepared and measured. The Mn 2p 
spectrum reported here was extracted from a very small particle with 
~10 nm thickness. Adjacent particles which were more than 30 nm 
thick were distorted by absorption saturation (see SI.5, Fig. S.4). 
Interestingly the Mn 2p spectrum of MnO reported by Risch et al. [26] 

Fig. 1. Mn 2p spectra of MnO, MnSO4, Mn3O4, Mn2O3, α-MnO2 and KMnO4 
measured by STXM (thick solid line) compared to those measured by TEY (thin 
solid line). The STXM-derived spectra are presented on quantitative OD1 in-
tensity scales, with offsets for clarity. The intensities of the TEY spectra have 
been scaled and offset to best match the corresponding STXM spectra. 
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was measured in TEY mode from the surface of a nominally pure 
metallic Mn sample. This indicates both the ease with which low 
oxidation states of Mn can oxidize in contact with air, and also the 
surface sensitivity of TEY detection. Fig. 2 compares the Mn 2p3/2 
spectra of MnO and MnSO4. Both spectra exhibit similar 2p3/2 and 2p1/2 
(see Fig. 1) spectral features. Nonetheless, the minor 2p3/2 peaks and the 
main 2p1/2 peaks of MnO and MnSO4 have somewhat different in-
tensities and peak positions (deviation of 0.1–0.5 eV), indicating that 
high quality Mn 2p3/2 spectra can differentiate Mn(II) sulphate and Mn 
(II) oxide species. In addition, we note there is a large difference be-
tween the Mn 2p feature energies we observe for MnSO4 and those re-
ported by Risch et al. [26]. We note that the manganese sulphate studied 
in this work is the tetrahydrate, whereas Risch et al. [26] measured the 
monohydrate. Thus, the differences could be due to the specific hydrate 
studied. Hydrates are susceptible to change when they are subjected to 
vacuum conditions, which may be an issue in this case. Not unexpect-
edly, there is an even larger difference in the O 1 s spectra of MnO and 

MnSO4, as shown and discussed below (Section 3.2). 

3.1.2. Mn3O4 
Mn3O4 (Hausmannite) has a complex crystal structure with a 1:2 

mixture of Mn2+ and Mn3+ cations [10] and a formal average oxidation 
state of +2.67. It can be represented by the formula, Mn2+(Mn3+)2O4 
[5]. The Mn 2p spectrum of Mn3O4 (Fig. 1) is in agreement with the 
literature spectra [11,12]. It consists of an initial sharp 2p3/2 peak at 
639.6 eV, characteristic of Mn2+, followed by two small peaks at 
641.0 eV and 641.7 eV which can be related to the Mn3+ site. The STXM 
and TEY spectra have the same 2p3/2 and 2p1/2 energy scale and char-
acteristic features, with < 0.1 eV deviation in the position of the two 
2p3/2 lower intensity peaks. The first 2p3/2 peak at 639.6 eV is used to 
calibrate and compare Mn 2p spectra with reported reference spectra 
[11,12] (see Table 1). The Mn2+ and Mn3+ ions in Mn3O4 occupy 
tetrahedral and octahedral sites, respectively. The Mn3+ octahedral 
environment is affected by structural deformation (Jahn-Teller distor-
tion) so that the Hausmannite crystal is distorted to a spinel tetragonal 
structure [10,50]. 

3.1.3. Mn2O3 
The Mn 2p spectra of Mn2O3 measured by STXM and TEY mea-

surements consists of a broad peak at 641.4 eV with two shoulder peaks 
at 639.8 eV and 642.8 eV. Unlike the other manganese oxides, there is 
no clearly resolved multiplet splitting at the 2p3/2 edge. Mn2O3 has a d4 

configuration with a high-spin ground state (t2 g
3 eg

1) [10,12]. Manganese 
(III) ions are octahedrally complexed but are subject to strong 
Jahn-Teller distortion which results from the odd number of electrons in 
the triply degenerate t2 g orbital [10]. The Jahn-Teller distortion causes 
elongation of the two trans Mn-O bonds which results in a reduction of 
symmetry from octahedral to tetragonal [10,12,23]. 

3.1.4. α-MnO2 and β-MnO2 
The Mn 2p spectra of α-MnO2 (hollandite) and β-MnO2 (pyrolusite) 

are compared in Fig. 3A. The spectrum of α-MnO2 exhibits a sharp peak 
at 640.5 eV and broad peaks at 642.9 eV and 653.2 eV. In addition, 
there is a minor 2p3/2 shoulder peak at 639.5 eV, which was also 
observed in earlier studies [20,25]. While the Mn 2p spectrum of 
β-MnO2 is similar to that of α-MnO2, the broad 2p3/2 peak occurs at 
643.5 eV, shifted +0.6 eV shift compared to α-MnO2 (Fig. 3B). Octa-
hedrally coordinated MnO2 has a t2 g

3 eg
0 ground state configuration [11, 

12] where the lower energy t2 g orbital and higher energy eg orbital are 
generated from the crystal field splitting of the Mn 3d orbital [20]. The 
peaks at 640.5 eV and 642.9 eV (α-MnO2) / 643.5 eV (β-MnO2) corre-
spond to Mn 2p excitations to the t2 g and eg levels, respectively. The 

Table 1 
Oxidation states and positions of major peaks in the Mn 2p3/2 spectra of manganese oxides, in comparison to literature results.  

Sample Mn Oxidation state Major 2p3/2 peak position (eV) 

This work Ref [12] ΔE(eV)(a) Ref [19] ΔE(eV)(a) Ref [26] ΔE (eV)(a) Ref [10] ΔE (eV)(a)    

638.6 639.1 0.5 637.5 1.1 – – 639.3 0.7 
MnO +2  639.7 640.3 0.6 638.5 1.2 – – 640.3 0.6    

640.9 641.4 0.5 639.9 1.0 – – 641.7 0.8    
638.7 – – – – 640.0 1.3 – – 

MnSO4 +2  639.8 – – – – 641.1 1.3 – –    
641.1 – – – – 642.4 1.3 – –    
639.6 639.5 0.1 – – – – 640.2 0.6 

Mn3O4 +2/+3  641.0 640.9 0.1 – – – – 641.8 0.8    
641.7 641.6 0.1 – – – – 642.3 0.6 

Mn2O3 +3  641.4 641.5 0.1 640.1 1.3 642.4 1.0 641.8 0.4 
α-MnO2 +4  640.5 640.5 <0.1 639.3 1.2 – – – –  

642.9 643.0 0.1 641.7 1.2 – – – – 
β-MnO2 +4  640.5 640.5 <0.1 639.3 1.2 – – 641.0 0.5  

643.5 643.0 0.5 641.7 1.8 – – 643.8 0.3 
KMnO4 +7  640.5 640.4 0.1 – – – – – –  

642.9 642.8 0.1 – – – – – – 

(a) ΔE is the peak energy measured in this work minus that given in the cited reference. 

Fig. 2. Expansion of Mn L3 spectra of MnO and MnSO4 measured by STXM. The 
zero-signal level is valid for both spectra (i.e. there is no offset applied to the 
MnSO4 spectrum. The OD1 intensity is given by the combination of the scale 
bar (2μm− 1) and the gain factor (/5) for MnO. 
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positions of the main peaks in β-MnO2 agree with those for β-MnO2 re-
ported by Gilbert et al. [12] within experimental uncertainty. However, 
they are 1.2 eV higher in energy than those reported for δ-MnO2 (bir-
nessite) by Toner et al. [19] (see SI.10, Fig S.10 and Table 1). 

3.1.5. KMnO4 
In the MnO4− permanganate ion, the Mn is tetrahedrally co- 

ordinated in the +7 oxidation state with a ground state electronic 
configuration of [Ar]3d04 s0 [51]. The large empty 3d density should 
lead to very intense Mn 2p → 3d transitions. In perfect tetrahedral 
symmetry, the crystal-field splitting of the metal d orbitals should be 
reversed compared to the octahedral t2-e splitting. Therefore, in MnO4− , 
the empty e orbital is the lowest unoccupied state, while the t2 orbital is 
located at a higher energy. The Mn 2p spectrum of KMnO4 shows peaks 
at 640.5 eV and 642.9 eV which are assignable to 2p excitations into the 
empty e and t2 orbitals, respectively. There is also a broad 2p1/2 → 3d 
peak at 653.7 eV. The measured Mn 2p spectra of KMnO4 (TEY) and 
KMnO4 reported by Gilbert et al. [12] have the same features, although 
the TEY spectrum shows a more pronounced shoulder at 644.9 eV. The 
Mn 2p spectrum of KMnO4 is very close to that of α-MnO2 in both 
spectral shape and peak positions. However, the intensity of the 2p3/2 
broad peak corresponding to Mn 2p eg orbital is relatively higher in 
KMnO4 compared to that in MnO2 spectra. The shapes and energy po-
sitions of the main Mn 2p peaks of MnO2 and KMnO4 are in agreement 
with those reported in the literature [12]. The calibrated KMnO4 2p3/2 
peaks agree with those reported by Gilbert et al. [12] but the peak po-
sitions are 0.1 eV lower, while the 2p1/2 peaks differ by 0.5 eV. In 
addition, the 2p3/2 feature of KMnO4 at 640.5 eV has a lower intensity 
than that reported by Gilbert et al. [12]. The intensity ratio between the 
lower and higher Mn 2p3/2 energy peaks of MnO4

- (at 640.5 eV and 
642.9 eV) is 0.65. This value is close to the value of 0.7 reported by 
Brydson et al. [52]. Nevertheless, the deviation in the intensity ratio, 
associated with a lower intensity of the low energy 2p3/2 characteristic 
peak, may be a result of photo-reduction during the sample measure-
ment, which is expected when measuring highly reactive, high oxidation 
state metal oxides like KMnO4. 

3.2. O 1 s spectra of manganese oxides 

Fig. 4 presents the O 1s spectra of MnO, MnSO4, Mn3O4, Mn2O3, 
α-MnO2 and KMnO4 measured by both STXM (thick solid line) and TEY- 
XAS (thin solid line). The energies of the major features are compared to 
those reported in the literature in Table 2, along with tentative 

assignments. The O 1s spectra of the manganese oxides consist of two 
regions, (i) “pre-edge” peaks below 534 eV which arise from O 1s ex-
citations to O 2p - Mn 3d hybridized orbitals which are characteristic of 
the oxidation state; and, (ii) broad peaks at higher energy (above 
534 eV) which are O 1sexcitations to the O 2p conduction band, with 

Fig. 3. Comparison of Mn 2p spectra of α-MnO2 (hollandite) and β-MnO2 
(pyrolusite) (A) full range Mn 2p spectra of α-MnO2 and β-MnO2. (B) Expansion 
of Mn 2p3/2 spectra of α-MnO2 and β-MnO2 showing the shift in the position of 
the Mn 2p3/2 → eg peak. 

Fig. 4. O 1s spectra of MnO, MnSO4, Mn3O4, Mn2O3, α-MnO2 and KMnO4 
measured by STXM (thick solid line) compared to those measured by TEY (thin 
solid line). The STXM-derived spectra are presented on quantitative OD1 in-
tensity scales, with offsets for clarity. The intensities of the TEY spectra have 
been scaled for best match to the STXM spectra. 

Table 2 
Major O 1s → 3d “pre-edge” peak position(s) of manganese oxides.  

Sample Mn Oxidation state Major O 1 s → 3d pre-edge peaks position 
(eV) 

This work Ref [12] ΔE (eV)(a) 

MnO +2  532.9 532.6 0.3  
534.4 533.9 0.5  
536.5 535.7 0.8  
539.1 539.0 0.1  
544.4 545.0 0.6 

MnSO4 +2  537.6 – –  
545.2 – – 

Mn3O4 +2/+3  530.0 529.7 0.3  
531.1 531.5 0.4  
533.0 534.2 1.2 

Mn2O3 +3  529.7 529.3 0.4  
530.9 530.7 0.2  
533.2 532.6 0.4 

α-MnO2 +4  529.4 528.9 0.5  
531.9 531.5 0.4 

β-MnO2 +4  529.4 528.9 0.5  
531.9 531.5 0.4 

KMnO4 +7  529.3 529.0 0.3  
530.7 531.2 0.5  
533.6 533.1 0.5 

(a) ΔE is the peak energy measured in this work minus that given in the cited 
reference. 
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some interaction with Mn 4s and Mn 4p states [23,51]. 

3.3. MnO and MnSO4 

The STXM O 1s spectrum of MnO shows peaks at 532.9 eV, 534.4 eV, 
536.5, 539.1, 544.4 eV, corresponding to O 1s → 3d excitations to t2 g 
(up), eg (up), eg (down) and 3d - 4sp features, respectively [12,27]. Aside 
from a systematic deviation of ~0.4 eV, the position and relative in-
tensities of the spectral features of MnO are close to those reported by 
Gilbert et al. [12]. (see Table 2). The O 1s spectrum of MnSO4 is 
significantly different from that of MnO in both spectral shape and peak 
positions. The STXM and TEY-XAS O 1s spectra of MnSO4 are quite 
similar in both shape and peak positions, showing one major, broad peak 
at 537.6 eV and a minor, sharper peak at 541.5 eV. 

Although the O 1s spectrum of MnO has been published elsewhere 
[11,12,23,27], the O 1s spectrum of MnSO4 has not been reported in the 
literature, to the best of our knowledge. The Mn cation in MnO and 
MnSO4 has a high spin 3d5 ground state with half-filled t2 g and eg states. 
However, the different ligands and different Mn-ligand bond lengths 
[12,27] may lead to spectral differences. Section S.11, Fig. S.11 com-
pares the O 1s spectra of MnO and MnSO4 with those of H2SO4 and the 
SO3

- group in perfluorosulfonic acid. This comparison clearly indicates 
the effect of the SO4

- or SO3
- ligand on the O 1s spectral shape. MnO is a 

rock-salt octahedral coordination system [11,27]. The Mn2+ ion in 
MnSO4 is in a slightly distorted octahedral environment [49] and the 
ligand field character of a sulfonate is significantly different from that of 
an oxide. The MnO O1s spectrum has a sharp O 1s → Mn 3d peak at 
539 eV [11,12], and overlapping O 1s → –O 2p, Mn 4s, 4p features [27]. 
The measured MnSO4 O 1s spectrum is also consistent with this obser-
vation; however, it has a stronger combination of the 3d and 4s, 4p parts 
of the spectrum which overlap as one peak. 

3.3.1. Mn3O4 and Mn2O3 
The O 1s STXM and TEY spectra of Mn2O3 and Mn3O4 exhibit similar 

O 1s → 3d features, with three peaks assigned to eg-up, t2 g-down, and eg- 
down [27] at 529.7 eV, 530.9 eV and 533.2 eV for Mn2O3 and 530.0 eV, 
531.1 eV and 533.0 eV for Mn3O4 respectively. The spectra of each 
species match the spectral shape reported by Gilbert et al. [12], although 
there are energy scale deviations of 0.4 eV for Mn2O3 and 0.3 eV for 
Mn3O4 and a 1.2 eV deviation in the position of the third peak of the O 1s 
spectrum of Mn3O4 (see Table 2). 

3.3.2. α-MnO2 and β-MnO2 
The O 1s spectrum of α-MnO2 and β-MnO2 measured by STXM (see 

Fig. S.12) showed 2 sharp peaks in the O 1s → 3d “pre-edge” region at 
529.4 eV and 531.9 eV and a broad peak at 543.8 eV. The first sharp 
peak at 529.4 eV is a combination of both spin-up eg and the spin-down 
t2 g states, while the second sharp peak at 531.8 eV is related to spin- 
down eg state [27]. The spectral shape and positions of peaks in the O 
1s spectra of α-MnO2 and β-MnO2 are very similar. The TEY -XAS 
spectrum showed the same O 1s → 3d “pre-edge” peak positions and 
relative intensities as in the STXM spectrum. However, the broad peak 
observed at 542.9 eV in the STXM spectrum, corresponding to excitation 
to O 2p - Mn 4s, 4p hybridized states, was 1.0 eV lower in TEY-XAS. The 
spectral shapes are in agreement with that for MnO2 reported by Gilbert 
et al. [12] but with an energy scale difference of 0.5 eV as shown in 
SI.10, Fig. S.10 (see also Table 2). 

3.3.3. KMnO 
The O 1s spectrum of KMnO4 has two O 1s → 3d pre-edge peaks at 

529.3 eV and 533.6 eV, and a shoulder at 530.7 eV. These features have 
been assigned to O 1s promotions to 3deg-up, 3deg-down and 3dt2 g- 
down, respectively [27]. There is also a broad peak at 543.2 eV corre-
sponding to O 1s → O 2p - Mn 4s, 4p hybridized levels. The first sharp 
“pre-edge” peak at 529.3 eV was used to align the energy scale of our 
spectra with those reported in the literature [12,22]. 

3.3.4. Overall comparison of our spectra with literature spectra 
The shapes of the Mn 2p and O 1s spectra of the MnOx reference 

compounds are in agreement with those reported earlier in the litera-
ture: Mn 2p [10–13,15,18–28] and O 1s [11,12,22,23,29]. The energy 
scales of the Mn 2p spectra reported here are very close to those reported 
by Gilbert et al. [12], with a maximum deviation of 0.2 eV. However, 
when compared to the δ-MnO2 and Mn2O3 spectra reported by Toner 
et al. [18], there is a large deviation (on average, 1.3 eV, see Table 1). 
The degree of agreement with the literature O 1s spectra of MnO, 
Mn3O4, Mn2O3, α-MnO2, β-MnO2 and KMnO4 [12] was somewhat worse 
than for the Mn 2p spectra (see Table 2). However, careful examination 
shows there is a systematic shift of +0.45 ± 0.12 eV relative to the 
values reported by Gilbert et al. [12]. We do note our O 1s spectral 
energies are derived from careful calibration to the sharp O 1s →3 s peak 
in CO2(g) for which the energy is very well established [48]. In contrast, 
Gilbert et al. [12] used Mn2O3 as a standard and set the beamline energy 
scales accordingly. The observed systematic deviation in the O 1s en-
ergies would disappear if the assigned energy for the sharp low energy 
feature in the O 1s spectrum of Mn2O3 was reduced by 0.4 eV in the 
Gilbert et al. study. 

3.4. Example of quantitative oxidation state mapping of an energy 
material 

Detailed information about complex MnOx systems can be obtained 
by deriving quantitative component maps from Mn 2p and / or O 1s 
STXM image sequences using reference spectra on OD1 intensity scales 
[40,41]. The spatial distribution and quantitative thickness maps of each 
MnOx component can be obtained through least squares fitting using the 
efficient singular value decomposition (SVD) method [44]. Although 
stacks using the full Mn 2p spectrum give the best results, measuring 
only the Mn 2p3/2 (L3) signal is usually enough to differentiate among 
Mn oxidation states. Simultaneous consideration of the O 1s and Mn 2p 
spectra provides additional information, as is well illustrated in section 
SI.13 of the supplementary information. by a comparison of analysis of 
the Mn 2p stack alone, the O 1s edge alone, and analysis of the aligned 
and appended O 1s and Mn 2p stacks. 

Fig. 5 presents quantitative chemical maps of the MnO, Mn2O3 and 
α-MnO2 species in an α-MnO2 cathode used in an experimental zinc-ion 
coin cell battery. These maps were obtained by fitting a Mn 2p3/2 STXM 
stack (70 energies, from 628 – 650 eV) to the quantitative OD1 reference 
spectra of MnO, Mn2O3 and α-MnO2 compounds presented in this 
article. The intensity scales indicate the thickness of the indicated spe-
cies in nm scale. Prior to this analysis the coin cell battery was subjected 
to 94 electrochemical charge (1.8 V) - discharge (1.2 V) cycles and left in 
the discharged state. After testing, the coin cell was taken apart and the 
cathode material was stripped off the separator, embedded in epoxy and 
microtomed to a thickness of 200 nm. Fig. 5D is a color-coded composite 
of the quantitative component maps of the three MnOx species. 

After 94 charged cycles of the α-MnO2 electrode, it was expected that 
α-MnO2 will dominate all the sample as a result of oxidation processes. 
However, the results indicate that part of the α-MnO2 was irreversibly 
reduced to MnO and Mn2O3 (Fig. 6A). In contrast, the Zn signals from 
the electrolyte (ZnSO4) were observed in all MnOx regions, although 
with varying amounts (Fig. 6B). The quantitative chemical mapping 
showed that, despite a common understanding that this type of zinc-ion 
battery operates by shuttling Zn ions from the metallic Zn anode to 
channels in the α-MnO2 in the cathode [53], these results indicate 
negligible co-location of Zn2+ and α-MnO2 (Fig. 6D). If there was partial 
co-location, the α-MnO2 region would be partly reduced to lower 
oxidation states. Instead, the lower oxidation state domains are 
completely separated from the α-MnO2, indicating the existence of 
unreactive reduced Mn species (in particular MnO, see Fig. 6C). This is 
consistent with the low capacity of this battery after the 94-cycle testing. 

Additionally, section SI.13 (Fig. S.13) compares the chemical 
mapping (in the form of color coded composite maps) of the 94-cycle 
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discharge state MnO2/ZIB sample obtained by fitting the Mn 2p stack 
(Fig. 5), the O 1s stack and the appended O 1s & Mn 2p stacks to the 
quantitative OD1 reference spectra of MnO, Mn2O3 and α-MnO2. The 
first analysis using just the three MnOx species in the fit revealed that 
there was an additional chemical component which only contributed to 
the O 1s stack. Further examination of the stack and isolation of the O 1s 
spectrum of the non-MnOx oxygen containing component showed this 
additional component was ZnO. Further details of this aspect of the re-
sults will be presented in a future publication. Comparisons and com-
bined analysis of multiple edges, as explored in SI.13 has significant 
advantages, such as revealing unexpected chemical species. Addition-
ally, in thick samples where the Mn 2p spectra might be partially satu-
rated, an O 1s edge study can provide additional support to the Mn 2p 
analysis. 

4. Discussion 

Our goal for this study was to measure high quality, accurately 
calibrated Mn 2p and O 1s spectra of common manganese oxides. This 
study was motivated by the significant (1–2 eV) deviation between Mn 
2p feature energies reported by Gilbert et al. [12] and Toner et al. [19]. 
Our study has clearly shown that the energies reported by Toner et al. 
[19] are incorrect, whereas, aside from MnO, our Mn 2p energies agree 
with those reported by Gilbert et al. [12]. Interestingly the O 1s spectra 

revealed a significant difference in energies relative to those reported by 
Gilbert et al. [12]. Given the use of the well-known, accurate spectra of 
O2 or CO2 (g) for energy scale calibration, we believe our O 1s energies 
are the more accurate. 

STXM is a very powerful technique that provides spectroscopic 
characterization on a fine (sub 50 nm) spatial scale, which has signifi-
cant advantages for quantitative mapping of chemical species in com-
plex systems, such as polymer electrolyte membrane fuel cells (PEM-FC) 
[45]. Manganese-based oxides are efficient electrode materials for 
different energy storage systems, in particular for supercapacitors and 
batteries [7]. Identification of changing Mn oxidation states and their 
spatial distributions during different electrochemical processes can 
provide insights into charge transfer mechanisms [13]. Manganese ox-
ides have various oxidation states (Mn2+ to Mn7+) which, as shown in 
this study as well in the literature [10,12,19,26–30], have unique Mn 2p 
and O 1s spectral shapes and peaks positions which can be used to 
distinguish between different Mn oxidation states. Thus, the 
high-quality, accurately calibrated Mn 2p and O 1s pre-edge spectra 
provided in this research can be used to identify and map Mn oxidation 
states and intermediate components. 

The Mn 2p and O 1s STXM and TEY-XAS spectra of the manganese 
oxides presented in Fig. 1 and Fig. 4 show there is a unique spectral 
shape for each Mn oxidation state. Nevertheless, there are some differ-
ences in the intensity of the finer features in spectra measured in TEY 
mode compared to those measured in transmission mode using STXM. 
These differences may be related to different energy resolution and/or 
surface oxidation/contamination. Mapping oxidation states can be 
performed using only the Mn 2p3/2 → 3d features in the 630–650 eV 
region, which reduces acquisition time and radiation dose as compared 
to measuring full Mn 2p stacks. This can be particularly advantageous 
when performing in-situ STXM measurements [54–56], where speed of 

Fig. 5. Example of identification and quantitative mapping of MnOx species in 
a discharged, Zn/α-MnO2 battery cathode after 94 charge / discharge cycles 
(left discharged). (A) MnO component map. The grey scale indicates thickness 
in nm. (B) Mn2O3 component map. (C) α-MnO2 component map. (D) Rescaled 
color composite of MnO (red), Mn2O3 (green) and α-MnO2 (blue) compo-
nent maps. 

Fig. 6. Comparing Mn and Zn maps of 94-cycled, charged and discharged Zn/ 
α-MnO2 battery derived from Mn 2p3/2 and Zn 2p stacks. (A) Charged. Color 
coded composite of MnO (red), Mn2O3 (green), α-MnO2 (blue) maps (rescaled) 
from a Mn 2p3/2 stack. (B) Charged. Color coded composite of Zn map (green, 
from Zn 2p stack) and α-MnO2 map (blue, from Mn 2p3/2 stack) of the same 
region as (A) (rescaled). (C) Discharged. Color coded composite of MnO (red), 
Mn2O3 (green), α-MnO2 (blue) maps (rescaled) from a Mn 2p3/2 stack. (D) 
Discharged Color coded composite of Zn map (green, from Zn 2p stack) and 
α-MnO2 map (blue, from Mn 2p3/2 stack) of the same region as (C) (rescaled). 
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acquisition is critical. 
The differences in the Mn 2p3/2 spectra of α-MnO2 and β-MnO2 in-

dicates sensitivity to crystal structure changes. The differences in the 
spectra of these polymorphs can be ascribed to a larger crystal field in 
β-MnO2 resulting from greater delocalization of the excited 3d electron. 
The phase dependence of the Mn 2p spectrum of MnO2 is similar to that 
observed in the Ti 2p XAS spectra of the anatase and rutile polymorphs 
of TiO2 [57], where the main difference is the presence of a larger 
splitting and different peak intensities in the split Ti 2p → eg band in 
anatase, relative to that of rutile [57,58]. 

Detailed quantum chemistry calculations and comparison of the re-
sults to experimental Mn 2p and O 1 s spectra of the MnOx compounds 
have been reported in the literature [12]. Sherman et al. [59] reported 
molecular cluster calculations of the MnOx electronic structure. de 
Groot et al. [58] reported spectral calculations of 3d transition-metal 
compounds including Mn4+, Mn3+, and Mn2+ using atomic multiplet 
theory, which focused on the effect of a cubic crystal field on the shape 
of the 3dN → 2p5 3dN+1 excitation spectra. A theoretical analysis of the O 
1s spectra of KMnO4 and MnO2 was presented by Gilbert et al. [12] using 
spin dependent multiple scattering calculations. The peak separations 
predicted by that calculation are less than those in the experimental 
spectra. 

Over the years, extensive effort has been devoted to quantitatively 
analyze mixed Mn oxidation states in complex systems using linear 
combination fitting (LCF) of X-ray absorption spectra at both the Mn 2p 
and Mn 1s edges. In 1996, Grush et. al. [30] measured the Mn 1s spectra 
of a Mn metallo-protein in both its reduced and super-oxidized states, 
and interpreted the measured spectra by LCF analysis using a combi-
nation of the spectra of MnSO4 and NBu4[Mn4O2(O2-CMe)7(pic)2] (pic =
picolinate) as references [30]. Penner-Hahn et al. [60] presented the 
first use of LCF analysis of the Mn 1s spectrum of the manganese sites in 
the photosynthetic oxygen-evolving complex using combinations of the 
Mn 1s spectra of Mn(II), Mn(III) and Mn(IV). In this work, the ability to 
identify oxidation state content at individual pixels (as presented in the 
color coded composites of component maps, e.g. Fig. 5 and Fig. 6) allows 
a much more detailed approach to the quantitative analysis of mixture 
oxidation states systems. Section S.14 provides an example of using 
quantitative chemical mapping by STXM to first, identify spatial regions 
that are mixtures of oxidation states, and then to quantify the compo-
sition by LCF fitting the spectrum of a selected set of pixels. In this 
example, the spectra of mixed oxidation state regions in the α-MnO2/ZIB 
discharged electrode (the blue regions in Fig. S.14B, corresponding to 
yellow regions in Fig. 5D) are extracted and identified to be a mix of 
3 nm MnO and 8 nm of Mn2O3. 

As an example of the utility of Mn 2p spectroscopy in energy mate-
rials research, we have used the data presented here to perform quan-
titative analysis of Mn 2p and O 1s STXM results to track oxidation state 
changes after different electrode activation procedures of Mn3O4 
supercapacitor electrodes [31,61]. In a second example, Wang et al. [13] 
used Mn 2p TEY-XAS to study Mn oxidation states in different, 
as-prepared, Mn-based supercapacitor electrodes and correlated these 
changes to achieved capacitance performance. The spectra presented in 
this work are the analytical basis for a number of research programs our 
group is performing. This includes applied projects such as ex situ 
studies of Mn3O4 based supercapacitors [31,61] and MnO2 based Zn ion 
secondary batteries for large scale grid energy storage [53,56], as well as 
fundamental studies, such as in situ STXM studies of electrochemical 
modification of electrodeposited MnO2 [56]. 

What are the long term implications/applications of these results ? 
One conceptual message is that spectromicroscopy is a better way to study 
heterogeneous materials than non-spatially resolved spectroscopy. The 
trend in new beamlines and end stations at synchrotron facilities is to 
develop imaging beamlines with spectroscopy capabilities, rather than 
non-spatially resolved, solely spectroscopy systems. As an illustration of 
this trend the reader might wish to consult a bibliography of soft X-ray 
spectromicroscopy articles (regularly updated and available at htt 

p://unicorn.mcmaster.ca/xrm-biblio/xrm_bib.html). This document 
lists and categorizes over 4000 articles using soft X-ray microscopy and 
spectromicroscopy published from 1969 to 2023. Over 2000 of these 
articles are based on STXM measurements. There are many, many 
different areas of application of soft X-ray spectromicroscopy. The 
number of both soft and hard X-ray STXMs continues to increase. For 
these systems to be most effective, accurate, quantitative reference 
spectra are required. 

5. Summary 

High quality calibrated, quantitative Mn 2p and O 1s NEXAFS 
spectra of six different manganese oxide compounds have been 
measured by STXM and TEY-XAS. An example of their use in the analysis 
of an electrochemically degraded zinc-ion battery cathode was given. 
STXM and X-ray absorption spectroscopy measurements of different 
energy storage systems can be analyzed with the spectra reported in this 
work to study changes in Mn valence during different electrochemical 
processes. All the Mn 2p and O 1s spectra are provided as supplemental 
information. 
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